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Arsenic contamination of rice is widespread, but the
rhizosphere processes influencing arsenic attenuation remain
unresolved. In particular, the formation of Fe plaque around
rice roots is thought to be an important barrier to As uptake, but
the relative importance of this mechanism is not well
characterized. Here we elucidate the colocalization of As
species and Fe on rice roots with variable Fe coatings; we
used a combination of techniquessX-ray fluorescence imaging,
µXANES, transmission X-ray microscopy, and tomographysfor
this purpose. Two dominant As species were observed in
fine roots-inorganic As(V) and As(III) -with minor amounts of
dimethylarsinic acid (DMA) and arsenic trisglutathione (AsGlu3).
Our investigation shows that variable Fe plaque formation
affects As entry into rice roots. In roots with Fe plaque, As and
Fe were strongly colocated around the root; however,
maximal As and Fe were dissociated and did not encapsulate
roots that had minimal Fe plaque. Moreover, As was not
exclusively associated with Fe plaque in the rice root system;
Fe plaque does not coat many of the young roots or the
younger portion of mature roots. Young, fine roots, important
for solute uptake, have little to no iron plaque. Thus, Fe plaque
does not directly intercept (and hence restrict) As supply to
and uptake by rice roots but rather serves as a bulk scavenger
of As predominantly near the root base.

Introduction
Arsenic (As) is a human carcinogen and natural contaminant
of soils worldwide, but in South and Southeastern Asia it is
a catastrophic groundwater contaminant (1). While arsenic
exposure via drinking water is well-documented (2-5), we
are only beginning to understand the magnitude of chronic
arsenic exposure from contaminated food products like rice
(Oryza sativa L.). Upon soil flooding during rice cultivation,
arsenic in soil is mobilized, taken up by roots, and ac-
cumulates in the edible portion of the grains. Rice grains
from the U.S., France, and Japan contain up to 0.25, 0.23,
and 0.18 µg As g-1, respectively (6), and can be as high as 2

µg As g-1 in locations where contaminated groundwater is
used for irrigation (e.g., Bangladesh) (7, 8). By consuming
rice grains with arsenic present at levels of only 0.10 µg g-1,
the allowable daily arsenic intake will be exceeded for most
rice sustenance diets (7-9). To reduce arsenic accumulation
in rice grains, and thus human exposure, it is imperative to
fully understand the basic mechanisms governing As ac-
cumulation in rice.

Physiological studies of As uptake by plant roots have
indicated two main mechanisms of As entry into roots, which
depend on the speciation (i.e., oxidation state) of As. Inorganic
As(V) (As(V)i) is a phosphate analog and is taken up into the
root symplast by phosphate transport proteins in an active
process (10, 11). Inorganic As(III) (As(III)i), present in soil
solution as H3AsO3

0 (pH < 8), shares the silicic acid (H4SiO4)
transport system in rice through plant aquaporin channels
located on root plasma membranes (12). Aquaporin channels
transport water and other small, neutral molecules (e.g.,
arsenous acid, silicic acid) into the root symplast (13, 14).
While our understanding of these transport pathways has
advanced, it remains unclear which of these mechanisms
prevails in rice paddy systems due to the complex processes
that occur as As is transported from anoxic pore water to the
oxygenated rhizosphere.

In aerated soil, arsenic typically resides as As(V)i, which
has a strong affinity for soil minerals, thus rendering it
relatively immobile (15). However, upon flooding, soil-bound
As becomes mobilized by reductive dissolution of iron(III)
oxides (used here to collectively refer to hydroxides, oxy-
hydroxides, and oxides) and As(V)i, leading to a predominance
of As(III)i and reduced Fe(II) in bulk pore water of rice paddy
soils (16). As rice plants deliver oxygen to roots via aeren-
chyma, O2 diffuses to the rhizosphere and dissolved Fe(II)
may be oxidized and precipitate on the exterior of rice roots
(17, 18). The “iron plaque” may sorb As and limit its uptake
into roots (19, 20). Arsenic(III)i is transported toward roots
with transpirational water flux but it may be oxidized, at
least partially, to As(V)i in the rhizosphere. Arsenic(V)i may
compete with phosphate for uptake by roots, or for sorption
onto ferric iron plaque (10, 21). Recent work has suggested
that other solutes (e.g., nitrate, ammonium) may influence
Fe cycling, and thus As uptake availability, in the rhizosphere
of rice plants (22). Thus, root uptake of As in rice paddy
systems depends on a balance of several factors, inclusive
of the oxygenation capacity of rice roots, the extent and
distribution of Fe(III) oxides, N supply, the relative abundance
of As(V)i and P, the relative abundance of As(III)i and silicic
acid, and the relative rates of transpiration and As(III)i

oxidation.

While the presence of Fe plaque may limit root absorption
of As(V)i, the absence of Fe plaque may enhance absorption;
however, the distribution of Fe plaque and its effect on root
absorption of arsenic species is not well characterized.
Moreover, little is known about the importance of young,
fine roots verses mature, thick roots on iron plaque formation
and, consequently, on As uptake and localization in rice roots.
Fine roots, inclusive of root hairs, are generally younger and
are more active in nutrient uptake than thick, lignified, mature
roots where nutrient absorption is relatively low (23). The
purpose of this investigation was to determine the distribution
of Fe(III) (hydr)oxides on both thick and fine soil-grown rice
roots and to determine the associated localization of As
species in order to evaluate the role of Fe plaque in As
attenuation.
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Experimental Section
Plant Growth and Root Samples. Root samples were
obtained from rice grown in artificially As-contaminated soil
and irrigated with As-contaminated water. Soil was obtained
from the Bw horizon of Kohala series from the Big Island of
Hawai’i that initially contained no detectable As. This soil
was chosen to represent a highly weathered tropical soil that
was low in dissolved silicic acid, allowing us to focus on the
role of iron plaque on arsenic uptake; it contained 3.0 ((0.5)
wt % acid ammonium oxalate-extractable Fe and had a pH
of 5.95. Full details of growth parameters, soil-spiking
procedures, and pore water monitoring can be found in the
Supporting Information (SI). Pore water chemistry in the
pots was monitored with Rhizon samplers (Soil Moisture
Corp.). Irrigation water contained 300 µg/L in an 80/20
mixture of As(III)i/As(V)i to reflect typical contaminated
groundwater used during dry-season irrigation in South and
Southeast Asia (see ref 24). After seedling emergence, plants
were thinned to three seedlings per pot.

Approximately 6 weeks post transplantation (vegetative
growth stage), one plant’s root system was carefully removed
from the center of the pot by hand-digging around the base
of the plant. The root mass was gently hand washed with
DDI water to remove soil particles and allowed to dry
anaerobically (96% N2/4% H2) in a glovebag. A fine lateral
root was removed from a larger root under magnification
and mounted onto the end of a support rod for transmission
X-ray microscopic imaging (TXM), nanotomography, X-ray
fluorescence (XRF) imaging, and µ-X-ray absorption near-
edge spectroscopy (µXANES).

The remaining plants were grown to maturity and
harvested after grain filling. Plants were cut approximately
4 cm above the soil surface, and the entire root mass was
removed from the soil and rinsed and dried anaerobically as
described above. Intact roots, still attached to the shoot base,
were used for optical and XRF imaging. A single root
approximately 1 mm in diameter that showed an abrupt
transition from white to red color (low and high degree of
Fe plaque pigmentation) was obtained from the center of
the pot and utilized for X-ray tomography.

XRF Imaging of Rice Root System. XRF imaging of the
roots was conducted at Stanford Synchrotron Radiation
Lightsource (SSRL) beamline 10-2, optimized for continu-
ous-scanning, large-aperture XRF imaging. X-ray tomography
was also conducted at beamline 10-2 on the root showing
an abrupt transition from low to high degree of pigmentation.
Chemical speciation images were obtained by imaging at
four energies: 11 880, 11 874, 11 871, and 11 865 eV and
performing a least-squares fit of the images to normalized
mu of several As standards. Full details of the XRF imaging
parameters can be found in the SI.

Transmission X-ray Microscopic (TXM) Imaging and
Microtomography. A section of the fine lateral root tip
described above was imaged at beamline 6-2c at SSRL
equipped with an Xradia transmission X-ray microscope
instrument (25). Both two-dimensional (2D) raster-scanned
absorption contrast images and three-dimensional (3D)
nanotomographic images were obtained. Full details of the
TXM imaging parameters can be found in the SI.

µXRF Imaging and µXANES. The entire fine lateral root
was further imaged at beamline 10.3.2 at the Advanced Light
Source (ALS) of Lawrence Berkeley National Laboratory. The
fine root was imaged at three energies: 11880, 11874, and
11871 eV and chemical speciation maps of total As, As(V),
and As(III) were obtained by performing a least-squares fit
of the images to normalized mu of standards. Full details of
the XRF imaging parameters can be found in the SI. In
addition to the element-specific images, As µXANES spectra
were obtained at 6 locations along the root with maximum
fluorescence intensities for total As (i.e., “hotspots”).

Data Processing and Analysis. The SMAK program (26)
was used to process fluorescence images of total Fe and total
As in the rice root system as well as XRF tomographic and
chemical speciation images of the differentially pigmented
root. Chemical speciation maps of As(III) and As(V) as well
as tricolor plots of As species and Fe associated with the fine
root were created using ALS beamline 10.3.2 software. The
SIXPACK program (27) was used for background subtraction,
normalization, and linear combination fitting of As KR

FIGURE 1. X-ray fluorescence images of Fe (a, c) and As (b, d) distributed within the rice root system. Images c and d represent
magnified images of boxes in a and b, and the arrows represent areas where As is abundant while Fe is not.
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µXANES spectra. Full details of fitting parameters and
standards used can be found in the SI.

Results
Pore Water Chemistry and Final As Concentrations in Plant
Parts. The pore-water pH increased slightly from 5.8 to 6.3,
and the total dissolved Fe decreased from an initial increase
of 1.3 mg L-1 to below detection throughout the growth
period. During this time, total As decreased from 190 to 4 µg
L-1 from day 11 to day 57, and then increased steadily to ca.
20 µg L-1; As(III)i and As(V)i followed a similar trend and
remained in roughly similar proportions to the initial input
levels of 80% and 20% of the total As added in irrigation
water. Dissolved Si increased slightly from 1.5 to 4 mg L-1

from day 11 to day 57, then decreased to <1 mg L-1. Dissolved
P decreased from 75 to 13 µg L-1 from day 11 to day 19 and
then steadily increased to 73 µg L-1. Total As concentrations
of plant fractions (µg g-1 ( standard error, n ) 3) were 0.344
((0.021) in rice grains (unpolished), 0.409 ((0.077) in husks,
6.56 ((0.57) in leaves, 3.20 ((0.35) in stems, and 79.2 ((8.36)
in roots. Note that the grain was unpolished when digested,
and that any Fe coatings were left intact on roots prior to
digestion.

Imaging of Entire Rice Root System. Optical images of
rice roots obtained immediately after harvest illustrate
pigmentation by Fe plaque (SI Figure 1). Upon visual
inspection, some large roots are highly pigmented; however,
many of the thick roots and especially the fine roots exhibit
minimal Fe staining. XRF images obtained of the entire rice
root system show both As and Fe present in many of the
roots, with highest intensities near the shoot base but also
relatively high intensities near the root tips (Figure 1a, b).
Increased magnification of the area just below the shoot base
illustrated co-occurrence of Fe and As (Figure 1c, d) in specific
areas. However, areas of thick roots were observed where As
was relatively abundant, whereas Fe was not (see white arrows
on Figure 1c, d). It is clear that the highest arsenic fluorescence
intensity does not strongly correlate with the highest iron
fluorescence intensity (SI Figure 2a, b).

Computed X-ray tomographic images clearly show the
relationship between As and Fe colocalization. When Fe
plaque is visible (highly pigmented), total As is associated
with Fe around the entire root section (Figure 2a, b). However,
when Fe plaque is not visible (minimal pigmentation), total
As and Fe show less colocalization and do not encompass
the entire root section (Figure 2f, g). In the lesser-pigmented
areas, As is concentrated in an area near the outer-edge of
the root, approximately 250 µm from the highest concentra-
tion of Fe (Figure 2f, g). Arsenic speciation revealed that in
both the highly and minimally pigmented root portions,
arsenate is the dominant species in the most concentrated
arsenic hotspots, with minor amounts of arsenite and AsGlu3

(Figure 2c-j). In the root portion with minimal pigmentation,
AsGlu3 is the As species most associated with the Fe hotspots,
whereas in the highly pigmented root portion, arsenate was
the As species associated with the Fe ‘hotspot’ (Figure 2a, d,
f, j).

TXM Imaging, Nanotomography, and µXANES of a Fine
Root. The fine root was visualized using 2D absorption
contrast TXM imaging (Figure 3a), with elemental composi-
tion deduced from X-ray microfluorescence imaging (Figure
4) (note that in addition to As and Fe, fluorescence of Zn, Cu,
Cr, Ni, Ti, Ca, and K were monitored but were scarce in the
root). The root tip has a higher abundance of As and Fe,
whereas the area toward the root base has As and Fe
accretions in more localized areas (Figure 3a). High-resolution
3D nanotomography obtained on two sections along the root,
near the tip and toward the base, reveal internal accretions
of As and Fe. Orthoslices (2D) of the 3D fine root recon-
struction, two near the tip and two toward the root base

(Figure 3b), reveal smaller accretions of As and Fe more
homogeneously distributed within the root tip (Figure 3b1
and b2), with larger accretions on the interior and exterior
in patchy distribution near the root base (Figure 3b3 and
b4).

XRF chemical speciation imaging of As, along with total
Fe, show that total Fe and total As co-occur in the fine root
sample (Figure 4a, b), in contrast to the As-Fe trend noted
for the entire root mass (Figure 1). Arsenic(V)i and As(III)i

co-occurred in localized hotspots but also occur indepen-
dently of one another (Figure 4e). The largest difference in
localization of As species was in the root tip, which was
dominated by As(III)i with little As(V)i (Figure 4c, d, and SI
Figure 3). XANES spectra obtained on six of these hotspots
(Figure 4e) revealed major and minor As species with
inflection points of ca. 11 874, 11 872, and 11 870.5 eV (SI
Table 1). Linear combination fitting of the edge spectra reveal
that 66-87% of the As was As(V)i, while between 0 and 15%
was As(III)i; DMA accounted for 0-23%, while AsGlu3 was
present at trace levels in only two spots (SI Table 1).

Discussion
The concentration of arsenic in unpolished rice grain in our
experiment (0.344 µg g-1) was similar to levels reported in
market-basket surveys from south-central United States (8)
and Bangladesh (28), slightly higher than the “normal”
worldwide range of 0.08-0.20 µg g-1 calculated by Zavala
and Duxbury (29), and similar to those reported for soil-
grown rice plants with significant Fe plaque coatings (20).
The As levels in the husk (0.4 µg g-1) were much lower than

FIGURE 2. Cross-sectional computed X-ray tomography of the
highly pigmented (a-e) and minimally pigmented portions (f-j) of a
rice root showing spatial distribution of total Fe (a, f), total As (b,
g), arsenite (c, h), arsenate (d, i), and arsenic trisglutathione (e, j).
White arrow points to section of the minimally pigmented root
corresponding to the Fe hotspot.
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that reported by Lombi et al. (30) but are comparable to
other studies grown under similar soil conditions (31-33),
which may reflect genotypic differences with respect to As
translocation in plant fractions. The straw and root con-
centrations of <10 and 79 µg g-1, respectively, were within
the range of previous reports using similar growth conditions
(32, 34).

Fe plaque formed preferentially on thick mature roots
near the water-air interface with minimal Fe plaque on fine,
young roots. These observations are similar to those of Chen
et al. (18) who found thick iron coatings on mature roots and
nonexistent iron coatings on young roots or on the young
portion of older roots (i.e., root tips) in soil-grown rice plants.
Young, fine roots, inclusive of root hairs, are more important
for overall nutrient uptake than mature roots (18, 23, 35) and
we hypothesize that fine roots may be important for net As

accumulation in rice plants. Root tips, in particular, could
be an important route of entry for As(III)i because the primary
barrier to uptake into vascular tissue, the Casparian strip, is
not well-defined in developing root tips (36) and As entering
here has access to the metaxylem and thus transport to the
shoot. The influx of As species from the axial to the basal
regions of rice roots is currently unresolved.

Chen et al. (37) demonstrated that As(III)i uptake was
enhanced by the presence of Fe plaque based on a 20 min
uptake study of arsenate and arsenite on excised rice roots
with and without iron plaque. The mechanism for enhanced
As(III)i uptake is not clear but the authors suggest it is due
to a labile As(III)i complex on the plaque. It is noteworthy
to mention, however, that the increase in As(III)i influx with
Fe plaque only occurred appreciably for the highest As
concentration (0.107 mM As) in their experiments, whereas
influx remained approximately steady or started to decrease
from 0.0133 to 0.0533 mM As (37). An alternative hypothesis
is that at their highest As concentrations, which may exceed
values commonly observed in rice paddies, the Fe plaque
was at surface site saturation, leading to increased As(III)i

influx into the root.

In our study, roots with Fe coatings had arsenate
associated with the plaque on the exterior of the root, with
a partial exterior rim of arsenite (Figure 2c, d). Arsenate was
associated with Fe on the interior of the root; it is not clear
whether As entered as a mixture of As species, or was
converted (oxidized) on the root interior. Xu et al. (38) showed
rapid reduction of arsenate to arsenite after root As uptake
in tomato plants, but, in contrast, we observed mostly
arsenate on the root interior. These differences between As
speciation in roots of tomato vs rice illustrate interspecies
differences in As dynamics in planta. In our study, roots with
limited Fe plaque were not coated with arsenic; instead,
arsenic was concentrated in an area that was dissociated
from Fe. In the absence of Fe plaque, both arsenate and
arsenite may move freely into the apoplastic space. Because
Fe plaque did not form appreciably on root portions
important for solute uptake, the plaque-free uptake route
may be significant in soil-grown rice plants with variable Fe
plaque coatings.

Iron and arsenic co-occur most strongly on the roots
closest to the water-air interface. Our findings are more
than likely due to oxygenation of the upper root zone due
to atmospheric oxygen diffusion, and/or that these roots
are the oldest roots and thus have more time to accumulate
Fe plaque. In either case, the root section with most Fe plaque
is not the most active area for solute uptake, which correspond
to the findings of Chen et al. (18). A smaller amount of Fe
plaque coatings was present toward the younger portion of
the root (SI Figure 1), which had only a small amount of
associated As (Figure 1). As oxygen is transported to roots via
aerenchyma, more oxygen is released where barriers to radial
oxygen loss are minimal, such as in root tips and lateral roots
(39, 40). Thus, these areas should have the greatest abundance
of Fe plaque, but in our study lateral roots were minimally
pigmented with Fe oxides and did not contain appreciable
As in the coating. Moreover, root tips that contained moderate
amounts of Fe (Figure 1) exhibited a patchy distribution of
As and Fe in the interior (Figure 3). Tanaka et al. (41) showed
that Fe was present on the root tip interior in rice, which
corroborates with our findings. Near root tips and in lateral
roots, where minimal barriers to uptake exist, As and Fe are
absorbed, leading to less As(V) associated with Fe plaque. It
is noteworthy that in another study of Fe plaque distribution
on rice roots, Fe plaque formation was highest at root tips
and lowest at the root base (20). These results contrast our
results and might be due to genotypic differences with respect
to oxidizing power of rice roots (33).

FIGURE 3. High-resolution absorption contrast image of a fine
root (ca. 10 × 100 µm) at 5400 eV, where dark areas indicate
highest absorption of the incident X-ray beam (a); sequential
crosssectional orthoslices based on reconstructed tomographic
images of the fine root from (a) in the areas indicated by boxes
1-4, where white areas indicate maximum absorption and are
representative of As and Fe (b). Note that Figure 4 shows the
Fe and As species fluorescence image for the same root, with
the box in Figure 4a depicting the root tip imaged by TXM.

FIGURE 4. X-ray fluorescent images of total Fe (a) and total As
(b); As(V) (c); As(III) (d); As(V); and As(III), numbers indicate
areas where µXANES were obtained (e); red box in (a) shows
where nanotomography (Figure 3) was obtained on the fine root
tip.
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Our finding that As and Fe are not highly correlated in the
entire rice root system is similar to those of Hansel et al. (19),
who found that high levels of As do not always correspond
to high levels of Fe in Phalaris arundinacea (reed canarygrass).
They are, however, in contrast to Blute et al. (42) who found
that Fe and As were highly correlated in Typha Latifolia
(cattail) roots growing in an As contaminated site. These
differences may be physiological (i.e., different rate of O2

diffusion from aerenchyma) or chemical (i.e., different As
and or Fe concentrations) in nature. Similar to Hansel et al.
(19), we found evidence for As sequestration on the fine root
interior (i.e., not exclusively on iron plaque), whereas Blute
et al. (42) found As only on the root exterior and associated
with Fe plaque. These results suggest that some aquatic plant
roots may sequester As inside vacuoles (e.g., rice, reed
canarygrass), whereas others do not (e.g., cattail). Another
hypothesis is the roots analyzed in the various studies differed
in the amount of Fe plaque and thus associated As (see, for
example, Figure 2 of this study).

For arsenic not associated with the iron plaque, As(V)i

and As(III)i species were dominant within fine roots, with a
smaller amount of DMA and even less AsGlu3. DMA could
be microbiologically produced in the soil and then absorbed
by fine roots, and it has been shown recently that the
aquaporin channels responsible for As(III)i and H4SiO4 uptake
also facilitate DMA and MMA translocation to the vascular
tissue (43). DMA may also be produced in planta but direct
evidence for inorganic to organic As transformation in planta
is presently unresolved. Our results are similar to Pickering
et al. (44) who found As(III) coordinated with oxygen and
not thiolate groups in vacuoles of Pteris vitatta gametophytes,
but are in contrast with As(III) coordinated with thiol groups
in Brassica junca shoots (45). Webb et al. (46) showed As(III)
coordinated with oxygen but also with thiol groups, the latter
of which at high As concentrations. It is noteworthy that
although AsGlu3 was minimally present in the fine root, it
was more evident in slightly larger roots (Figure 2e, j). Rice
roots have been shown to reduce As(V)i to As(III)i in
hydroponic culture (38), but sequestration with glutathione
might be an intermediate step in this process (44). In any
case, the organic arsenic forms are a minor proportion of the
total arsenic within the roots.

Our study illustrates that variable Fe plaque coatings affect
As behavior in rice roots. Roots with Fe plaque have As(V)i

in strong colocalization, with an exterior coating of arsenite.
However, the presence of As(V)i on the root interior (i.e.,
within the cellular structure of the root) indicates that As(V)i

is not exclusively reduced to As(III)i or AsGlu3 once on the
root interior. In roots without Fe plaque, As(V)i and As(III)i

have little restriction to apoplastic entry. Given the lack of
Fe plaque in many of the roots, especially the fine roots, Fe
plaque might not be an effective barrier to As uptake by rice
roots (at least for systems with limited Fe(II) available for
plaque formation).
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